ABSTRACT P elements inserted near the left telomere of the X chromosome are associated with the P cytotype, a maternally transmitted condition that strongly regulates the activity of the P transposon family in some strains of Drosophila. The regulatory abilities of two such elements, TP5 and TP6, are stable in homozygous stocks over many generations. However, these regulatory abilities are attenuated when the telomeric P elements are transmitted through heterozygous females, and they are utterly lost when the elements are transmitted through males. Paternally transmitted telomeric P elements reacquire regulatory ability when they pass through a female germ line. This reacquisition is enhanced if the females in which it occurs came from mothers who carried a telomeric P element. The enhancement has two components: (1) a strictly maternal effect that is transmitted to the females independently of the mother's telomeric P element ("presetting" or the "pre-P cytotype") and (2) a zygotic effect associated with inheritance of the mother's telomeric P element. One telomeric P element can enhance the reacquisition of another's regulatory ability. When X chromosomes that carry telomeric P elements are extracted through males and made homozygous by using a balancer chromosome, most of the resulting stocks develop strong regulatory abilities in a few generations. However, some of the stocks do not attain the regulatory ability of the original population.
T HE P elements of Drosophila melanogaster have been sase, which catalyzes P-element excision and insertion (Karess and Rubin 1984) . Incomplete P elements, Ͻ2.9 extensively used as tools in genetic analysis (Engels 1989) . These elements were discovered through their kb because some DNA sequences have been deleted, do not encode the P transposase. However, they can be involvement in hybrid dysgenesis, a phenomenon observed in the offspring of crosses between different excised and transposed if a complete P element that makes the P transposase is present in the genome (Engstrains of Drosophila (Kidwell et al. 1977) . P elements are found in P strains but not in M strains. Crosses els 1984). The excision of particular incomplete P elements has been used to monitor transposase activity in between P males and M females produce offspring with a syndrome of abnormalities in the germ line, including genetic experiments (Engels 1989) . In addition to the transposase, complete P elements encode a 66-kD rea high frequency of sterility and elevated mutation rates.
pressor polypeptide (Laski et al. 1986; Rio 1990 ). This These traits are usually not seen in the offspring of polypeptide is translated from an incompletely spliced crosses between P females and M males. The difference P-element RNA. In the soma, only the 66-kD polypeptide between reciprocal crosses therefore indicates that the is made. In the germ line, both the 66-kD repressor and phenomenon of hybrid dysgenesis is regulated by a mathe 87-kD transposase are produced. ternally transmitted condition characteristic of P strains.
These facts have led to the hypothesis that the P This condition is called the P cytotype (Engels 1979a) .
cytotype is a state in which the 66-kD polypeptide more M strains have a complementary condition called the or less completely represses the synthesis or activity of M cytotype, which is permissive for hybrid dysgenesis.
the P transposase (Roche et al. 1995) . However, this Genetic analyses have shown that the P cytotype depends hypothesis has been called into question by the discovon maternal transmission of the P elements themselves ery that incomplete P elements situated near the left (Engels 1979a,b; Sved 1987) .
telomere of the X chromosome are powerful regulators For many years it was thought that the repression of of the P-element family (Marin et al. 2000 ; Stuart et hybrid dysgenesis by the P cytotype involved polypepal. 2002) . Because of their structure, these elements tides encoded by the P elements. Complete P elements, cannot produce the 66-kD polypeptide, although they 2.9 kb long, encode an 87-kD polypeptide, the P transpomay produce smaller repressor polypeptides like, for example, the KP element, which produces a polypeptide that binds to P elements and represses their transposi- Ronsseray et al. 1998 Ronsseray et al. , 2001 Stuart et al. 2002) .
72Њ. During the first cycle, the time at 72Њ was extended by 4
One key feature of the regulation mediated by the min. Reaction products were analyzed on 0.7% agarose gels by electrophoresis. Two types of reactions were carried out:
telomeric P elements is that it shows a reciprocal-cross
(1) amplification with a primer complementary to a segment effect. Telomeric P elements repress hybrid dysgenesis of the P element's terminal inverted repeat and (2) amplificaonly when they are transmitted maternally. When transtion with an element-specific primer (either TP5 or TP6 spemitted paternally, a telomeric P's regulatory ability is cific) and a primer complementary to a segment near the 3Ј lost (Stuart et al. 2002; Simmons et al. 2004, this issue) .
end of the P element. The sequences and positions of these primers within the complete P element are given in Stuart
Regulation by the telomeric P elements therefore folet al. (2002) .
lows the same pattern as regulation by the P cytotype. This parallel is the primary reason for associating telomeric P elements with the P cytotype.
RESULTS
In this article we consider questions about how the P cytotype is established and maintained. Is the P cytotype Stocks with telomeric P elements repress transposase activity consistently over time: Previous analyses have stably maintained when a telomeric P element is transmitted maternally? Is it reestablished when a paternally demonstrated that stocks carrying either the TP5 or the TP6 telomeric P elements repress P-element excisions transmitted telomeric P element is returned to the female germ line? What factors influence the process of in the germ line. To investigate the consistency of this repression over time, we tested homozygous TP5 and reestablishment? We address these questions by studying the regulatory abilities of two incomplete P ele-TP6 stocks at 6-month intervals for repression of transposase-catalyzed excisions from sn w , a double P-insertion ments, TP5 and TP6, inserted at the same site in the TAS repeats near the left telomere of the X chromoallele of the X-linked singed bristle locus. In males, the sn w allele causes a weak malformation of the bristles. some. TP5 is 1.8 kb long and TP6 is 1.9 kb long. Neither of these elements encodes a known repressor polypepWhen one or the other of the P elements inserted in the sn w allele is excised by transposase action, alleles tide; however, they both have strong abilities to repress transposase activity in the germ line (Stuart et al. 2002;  with et al. 2002) . Subsequently, these to sampling by making a single X chromosome homozyelements were combined on the same X chromosome with the gous in each case (Stuart et al. 2002) . During and double P-insertion mutation singed weak (sn w ), a hypomorphic before the sampling period, these stocks were mainallele of the singed bristle locus. In the presence of the P tained at 21Њ by mass transfers of adult flies to new transposase, sn w becomes hypermutable due to the excision of one or the other of the two incomplete P elements inserted cultures every generation. The only P elements present in the 5Ј region of the singed gene (Roiha et al. 1988) . When in these stocks were the two incomplete P elements one P element is excised, the sn w allele changes to sn e , an allele inserted in the singed locus, an incomplete P element with an extreme mutant phenotype. When the other P element tightly linked to singed (Roiha et al. 1988) , and a telois excised, sn w changes to sn ϩ , an allele that is phenotypically meric P element, which was also incomplete. Because indistinguishable from wild type. To detect these changes, males in which they were occurring were mated individually no complete P elements were present, the stocks were CP)2/ϩ sons were assayed for sn w mutability. Each son Paternally transmitted telomeric P elements regain their ability to repress transposase activity when they was crossed to 3 or 4 C(1)DX, y f (y, yellow body; f, forked bristles) females carrying attached-X chromosomes, and are reestablished in homozygous stocks: To determine if paternally transmitted telomeric P elements can regain the male progeny were scored for the weak singed, extreme singed, and wild bristle phenotypes.
their regulatory abilities when they are returned to the female germ line, we "extracted" TP w sn w (TP is TP5 The results of these experiments are shown in the top of Table 1 . The control sn w mutation rates, which or TP6) X chromosomes from homozygous stocks by crossing individual males to C(1)DX, y f females from a ranged from 0.500 to 0.533, are consistent with previous estimates for flies carrying the H(hsp/CP)2 transposase pure M strain and then made the extracted X chromosomes homozygous using an FM7 balancer X chromosource (Simmons et al. 2002a; Stuart et al. 2002) . Both the TP5 and the TP6 stocks strongly repressed sn w mutasome marked with the semidominant mutation Bar (B) eyes. This work was initiated at the same time as the bility. At all three sampling times, the mutation rates for the flies with either of the telomeric P elements were analysis of sample 1 in Table 1 . Sons from the cross involving the C(1)DX, y f females were mated to FM7/ low compared to the controls. Thus, during the yearlong sampling period, the stocks with the telomeric P sc 7 l (sc, scute bristles; l, recessive lethal) females from a pure M stock, and their TP w sn w /FM7 daughters were elements maintained a strong ability to repress transposase activity similar to that observed when they were first backcrossed to TP w sn w males carrying the extracted chromosome to establish a homozygous TP w sn w stock. tested [2.5 years earlier; see Stuart et al. (2002, Table 4) ].
Each of these stocks was maintained in small, massmated cultures without selection for repression of hyThe repression ability associated with a telomeric P element is lost by passage through the male germ line: brid dysgenesis. At generations 2, 7, and 11, females from these stocks were mated to H(hsp/CP)2 males to Previous analyses have indicated that telomeric P elements lose their ability to repress transposase activity obtain TP w sn w ; H(hsp/CP)2/ϩ sons, which were tested for germ-line sn w mutability by crossing them individuwhen they are transmitted through the male germ line (Stuart et al. 2002) . To verify this result, males collected ally to C(1)DX, y f females. ; H(hsp/CP)2/ϩ sons were assayed for sn w mutaof the lines extracted from the TP5 and TP6 stocks were able to repress this mutability significantly. In the first bility. The bottom of Table 1 presents the results of these experiments. The control mutation rate, 0.571, is test after they were made homozygous, most of the lines repressed sn w mutability to a level below 0.10. However, somewhat higher than the corresponding rate from the experiment in which the sn w allele was maternally dea few lines (e.g., TP5.5, TP6.1, TP6.3, TP6.8, and TP6.9) were less effective as repressors, with mutabilities rangrived. This greater value might be due to maternal transmission of the transposase activity encoded by the H(hsp/ ing from 0.141 to 0.405. PCR with TP5-and TP6-specific primers was used to determine if the telomeric P ele-CP)2 transgene (Simmons et al. 2002b ). The mutation rates of the TP5 and TP6 stocks are indistinguishable ments were present in 10-20 test males from three of these lines (TP5.5, TP6.1, and TP6.3); all the males in from this higher control rate. Thus, the ability of a telomeric P element to repress sn w mutability is lost these samples proved to carry the appropriate telomeric P element. when that element is transmitted from father to son. These experiments demonstrate that telomeric P eleyellow body) sons from these last matings-both heterozygous for the H(hsp/CP)2 transposase source-were ments that have been passed through the male germ line can regain repression ability after being made hothen individually tested for sn w mutability by crossing them to C(1)DX, y f females. mozygous. However, sometimes the original level of repression ability associated with a telomeric P element Table 3 summarizes the results of the three replications of this experiment. In the first two replications, is not achieved.
Telomeric P elements maintain repression ability only the y ϩ flies from the last mating were tested for sn w mutability. In the third replicate, both the y ϩ and y when they are transmitted maternally: We conducted a series of genetic experiments to investigate the role of flies from this mating were tested. The y flies, which did not carry a telomeric P element, provided an opporthe female germ line in the establishment and maintenance of repression by TP5 and TP6. Each experiment tunity to see if repression ability could be transmitted through the egg cytoplasm independently of the telowas performed at three different times to assess the reproducibility of the results. The first and second of meric P element itself. The mutation rates for the control flies ranged from these replications coincided with the tests of samples 2 and 3 in Table 1. 0.471 to 0.554 and were similar to previous estimates of sn w mutability obtained using the H(hsp/CP)2 transThe first type of experiment was designed to determine if the repression ability of the telomeric P element posase source. The mutation rates for the TP5 and TP6 flies were significantly less than the control rates. When could persist through three generations of maternal 
a maternally transmitted TP5 was present in the tested
The results of three replica experiments are summaflies, the rates ranged from 0.033 to 0.177, and when a rized in Table 4 . The mutation rates for the control maternally transmitted TP6 was present, they ranged flies, which did not carry a telomeric P element, ranged from 0.116 to 0.301. Thus, sn w mutability was repressed from 0.522 to 0.636. The rates for the flies that carried by telomeric P elements that had been transmitted telomeric P elements, derived from either type a or type through females for three generations; in two of these b females, were consistently lower. For the flies carrying generations, the elements were heterozygous. Further-TP5, the rates ranged from 0.291 to 0.462, and the more, TP5 appeared to be a stronger repressor than TP6.
median value was 0.338. For the flies carrying TP6, the The mutation rates from the y flies in replicate III rates ranged from 0.394 to 0.458, and the median was were similar to the control mutation rates-if anything, 0.435. In a comparable experiment, Stuart et al. (2002) slightly higher-even though in two cases, a telomeric observed similar mutation rates-0.288 for TP5 and P element was present in the mothers of the tested 0.400 for TP6. These results therefore indicate that a males. Thus, as Stuart et al. (2002) showed with a telomeric P element that came from a male and passed slightly different type of experiment, repression ability through a female for one generation reacquires some is not transmitted through the egg cytoplasm indepenability to repress sn w mutability. On average TP5 seems dently of the telomeric P elements themselves.
to reacquire more repression ability than TP6. In six of Paternally transmitted telomeric P elements reacseven comparisons based on the data in Table 4 and quire repression ability during one generation in a fethe data from Stuart et al. (2002) , flies carrying TP5 male: Having shown that a telomeric P element retains had lower mutation rates than flies carrying TP6 (P ϭ repression ability during transmission through heterozy-0.054 by the sign test). gous females, we next analyzed whether a paternally Reacquisition of repression ability is enhanced by the inherited telomeric P element could acquire repression maternal effect of a telomeric P element: To determine ability during one generation in a female (Figure 1 that lacked the telomeric P element were used as conbody color, were tested for sn w mutability. The objective trols. These males were distinguished from their TP sn w of these experiments was to see if TP j , the telomeric P brothers by performing PCR with an element-specific element in the F 1 females, enhanced the reacquisition primer after they had mated. From the type b females, of repression ability by the paternally derived element only the sons that carried the telomeric P element were TP i through a strictly maternal effect, i.e., one transmittested for sn w mutability. These males could be distinted to the F 2 females independently of TP j itself. Ronsguished from their non-TP brothers by body color (y ϩ rather than y).
seray et al. (1993) called this effect the "pre-P cytotype." We call it "presetting" and refer to TP j as the "presetting" meric P element, the mutation rates for TP5 ranged from 0.291 to 0.374 (bottom third of Table 4 ), whereas telomeric P element.
The results of three replica experiments are prewith TP5 as the presetting element, they ranged from 0.069 to 0.094 (Table 5 , top left), and with TP6 as the sented in Table 5 . To evaluate them, we must refer to the data showing the reacquisition of repression ability presetting element, they ranged from 0.126 to 0.249 (Table 5 , bottom left). In the absence of a presetting by a paternally derived telomeric P element when no presetting telomeric P element was present; these data telomeric P element, the mutation rates for TP6 ranged from 0.399 to 0.458 (bottom third of Table 4 ), whereas are in the bottom third of Table 4 . A comparison of the data in Tables 4 and 5 indicates that the reacquisition of with TP5 as the presetting element, they ranged from 0.154 to 0.300 (Table 5 , top right), and with TP6 as the repression ability by a paternally derived TP5 or TP6 was significantly enhanced by a strictly maternal effect presetting element, they ranged from 0.213 to 0.341 (Table 5 , bottom right). For both of the paternally deof either element. In the absence of a presetting telo- mutation rates when presetting elements were present were significantly less than the corresponding rates when these elements were absent. maternal cytoplasm that is transmitted to the F 2 females The data in Table 5 indicate that a strictly maternal independently of either the telomeric P element or the effect of either TP5 or TP6 can enhance reacquisition sn w allele. of repression ability by either of these telomeric P eleReacquisition of repression ability is enhanced by a ments-that is, the reacquisition of repression ability in maternally inherited telomeric P element: The reacquisia female is preset if her mother carried a telomeric P tion of repression ability by a paternally derived teloelement even though that P element is not present in meric P element is enhanced by the strictly maternal the female herself. In these experiments TP5 reacquired effect of a presetting P element. What happens if this greater repression ability than TP6, and TP5 was the strictly maternal effect is combined with the zygotic efmore effective presetting element. It is possible that fect of the presetting P element? To answer this quespresetting is due to the inheritance of one of the sn TABLE 5 Effect of maternal presetting on repression of sn w mutability by paternally inherited telomeric P elements that were transmitted through females for one generation TP5 paternally inherited TP6 paternally inherited Replicate TABLE 6 Repression of sn w mutability by a paternally inherited telomeric P element that had been paired with a maternally inherited telomeric P element in a female for one generation meric P elements were distinguished by PCR with eleelement showed more repression ability than it did in the test for simple maternal transmission of repression ment-specific primers after the males had mated. ability (cf. Table 3 ; P ϭ 0.094 by the sign test). Thus, The results of three replica experiments are shown these results suggest that, in the F 2 females, the materin Table 6 . First, we consider the cases in which TP i and nally and paternally derived telomeric P elements mutu-TP j were identical in the F 2 females (top half of Table  ally facilitate the establishment of repression ability and 6). These cases are similar to the situation in the TP5 that the maternally derived P element has both a preand TP6 stocks because the F 2 females that were crossed setting and a zygotic effect on the acquisition of represto H(hsp/CP)2 males were homozygous for one or the sion ability by the paternally derived P element. other of the telomeric P elements. In the case where TP i ϭ TP j ϭ TP5, the observed sn w mutation rates from the tested males were low, similar to values obtained by DISCUSSION sampling a homozygous TP5 stock (Table 1) . Likewise, in the case where TP i ϭ TP j ϭ TP6, the mutation rates Stocks homozygous for the telomeric P elements TP5 were similar to those obtained by sampling a homozyor TP6 have maintained a strong ability to repress hybrid gous TP6 stock. Thus, under these conditions, represdysgenesis from the time they were first tested to the sion ability is much like that in the original TP5 and time of the experiments reported here-a period of TP6 stocks.
3.5 years. The regulatory abilities of these elements are Next, we consider the cases in which TP i and TP j were therefore stable in stocks over many generations. Howdifferent in the F 2 females (bottom half of Table 6 ).
ever, genetic analysis demonstrates that both TP5 and In either case (TP5 paternally derived, TP6 maternally TP6 lose their regulatory abilities when they are transderived, or vice versa), the paternally derived telomeric mitted through the male germ line. If this loss were P element invariably showed more repression ability, irreversible, the repression abilities of the TP5 and TP6 i.e., a lower sn w mutation rate, than it did in the simple stocks would be expected to dissipate over time since test for reacquisition of repression ability (cf. Table 4; an increasing fraction of the X chromosomes in these P ϭ 0.016 by the sign test) or in the test for reacquisition stocks would have passed through males. The fact that of repression ability with a presetting effect (cf. Table homozygous TP5 and TP6 stocks maintain strong repres-5; P ϭ 0.016 by the sign test). Furthermore, in five sion ability over many generations indicates that paternally inherited telomeric P elements are restored to full of six comparisons, the maternally derived telomeric P repression ability when they pass through the female The strictly maternal effect of a presetting telomeric P element is further enhanced by a zygotic effect of that germ line. In every generation the regulatory abilities of these elements must therefore be reestablished.
element. Maximal restoration of regulatory function is seen when a paternally inherited telomeric P element Before attempting to dissect the reestablishment process, we monitored the repression abilities of TP5 and passes through a female who also inherited a telomeric P element from her mother. Under these circumstances, TP6 transmitted maternally through three generations-from homozygous females to heterozygous fethe repression ability of the paternally derived element is almost as strong as that seen in the homozygous TP5 males to heterozygous females and then to hemizygous males in which repression ability was measured. Under and TP6 stocks. The repression ability of the maternally derived element is also boosted. Thus, maternally and these conditions, both TP5 and TP6 maintained repression ability, although this ability was less than that seen paternally derived elements mutually facilitate the establishment of the P cytotype in the female germ line. in males derived directly from homozygous TP females. Transmission through heterozygous females therefore When X chromosomes that carry telomeric P elements are extracted through males and made homozyattenuates the repression ability of a telomeric P element; furthermore, the attenuation is greater for TP6, gous by using a balancer chromosome, most of the resulting stocks develop a strong ability to repress hybrid which is the weaker of the two repressing elements.
Paternally transmitted telomeric P elements reacdysgenesis. In a sample of 10 TP5 and 9 TP6 stocks, only two TP6 lines, TP6.1 and TP6.3, failed to reach the quire repression ability by passing through the female germ line. If the female does not carry another telorepression ability characteristic of the original TP6 stock. PCR experiments indicated that the TP6 element meric P element and if her mother did not carry such an element, the extent of this reacquisition is rather was present in each of these lines; thus, their diminished repression ability cannot be attributed to loss of the limited-and it is more limited for TP6 than for TP5. Nevertheless, the repression ability of telomeric P eletelomeric P element. It might, however, be due to a genetic factor-possibly a feature of the telomere-that ments in males derived from females in which reacquisition takes place is significant.
impairs repression by the P element. This factor might have been segregating in the TP6 stock, and when lines Reacquisition of repression ability is enhanced if the females in which the reacquisition occurs came from were extracted from it, the factor might have been retained in some of them. A few test cultures in samples mothers who carried a telomeric P element. This enhancement has two components: (1) a strictly maternal from the original TP6 stock yielded sn w mutation rates as high as or higher than the average rates seen in the effect that is transmitted to the females independently of the mother's telomeric P element and (2) a zygotic TP6.1 and TP6.3 lines. Thus, the moderate repression ability of these lines could reflect variation that was effect associated with inheritance of the mother's telomeric P element.
already present within the TP6 stock. Alternately, it could reflect a change that occurred when the lines Ronsseray et al. (1993) referred to the first component as the pre-P cytotype; we call it presetting. This were created. The P cytotype is the paramount system for regulating component suggests that either a product of the mother's telomeric P element or an effect of this element on P elements in the germ line. Genetic analysis has shown that this system is associated with P elements inserted some aspect of chromatic organization is transmitted through the egg cytoplasm to the females in which the near the left telomere of the X chromosome. It is not clear to what extent P elements inserted at other genopaternally derived telomeric P element is partially restored to regulatory function. However, previous analymic locations may contribute to the P cytotype; however, some evidence suggests that they do (Ronsseray et al. ses with TP5 and TP6 have shown that repression ability itself is not transmitted through the egg cytoplasm inde-1998, 2001 ). Regulation by the P cytotype is established by the combined maternal and zygotic effects of telopendently of the telomeric P element (Stuart et al. 2002) . Furthermore, the presetting effect does not seem meric P elements and, once established, is maintained stably over time. The mechanistic basis of this regulation to be mediated by an sn w allele transmitted from the females that carry the presetting telomeric P element, is not known. One possibility is that it involves repression by some aspect of the chromatin organization of teloand the presetting effect is not element specific. TP5 can preset the reacquisition of repression ability by a meres-a type of telomere position effect. However, the pre-P cytotype, or presetting effect, raises the possibility paternally derived TP6 or vice versa. However, TP5 is more receptive to the presetting effect-i.e., it reacthat a transmissible product of telomeric P elements, either a polypeptide or an RNA, is involved. It is not quires more repression ability than TP6-and TP5 is also the better presetting element-i.e., it more strongly known if either TP5 or TP6 encodes a repressor polypeptide such as the one produced by the KP element. enhances the reacquisition of repression ability by a paternally derived TP5 or TP6. Ronsseray et al. (1993) However, unlike KP, neither TP5 nor TP6 is widespread in natural populations of Drosophila (Stuart et al. also obtained evidence that the pre-P cytotype is not element specific.
2002). A broad geographic distribution of these ele-
